The three-dimensional structures of native bovine lens leucine aminopeptidase (EC 3.4.11.1) and its complex with bestatin, a slow-binding inhibitor, have been solved and exhaustively refined. The mode of binding of bestatin to leucine aminopeptidase may be similar to that of a tetrahedral intermediate that is thought to form during peptide bond hydrolysis. Bestatin binds in the active site with its a-amino group and hydroxyl group coordinated to the zinc ion located in the readily exchangeable divalent cation binding site. Its phenylalanyl side chain is stabilized by van der Waals interactions with Met-270, Thr-359, Gly-362, Aa-451, and Met-454, which appear to form a terminal hydrophobic pocket. The leucyl side chain binds in another hydrophobic cleft lined by Asn-330, Ala-333, and fle-421. Hydrogen bonds involving active site residues Lys-262, Asp-273, Gly-360, and Leu-362 are responsible for stabilizing the backbone nitrogen and oxygen atoms of bestatin. The mode of bestatin inhibition of leucine aminopeptidase is discussed and correlated with biochemical studies of bestatin analogues. In addition, features of a mechanism of catalysis of peptide hydrolysis by leucine aminopeptidase are discussed.
Leucine aminopeptidase [LAP; cytosol aminopeptidase, a-aminoacyl-peptide hydrolase (cytosol), EC 3.4.11.1] is a widely distributed cytosolic exopeptidase-which catalyzes the hydrolysis of amino acids from the amino terminus of polypeptide chains (for reviews, see refs. [1] [2] [3] . As their name implies, the LAPs cleave leucyl substrates, although substantial rates of enzymatic cleavage are seen with most amino-terminal amino acids. However, residues P1 or PI should not be lysine or arginine, P1 should not be a D-amino acid, and P' should not be hydroxyproline or proline, using the convention of Schechter and Berger (4) . The amino acid occurring at P' does not seem to influence the rate ofcatalysis significantly (5) . LAP also catalyzes the hydrolysis of amino acid amides, alkylamides, arylamides, and hydrazides and has some esterase activity.
Bovine lens LAP is a hexameric enzyme of molecular weight 324,000, which consists of six identical subunits (6) of molecular weight 54,000 and 12 zinc ions (7) . A potent, slow-binding inhibitor of LAP, bestatin or [(2S,3R)-3-amino-2-hydroxy-4-phenylbutanoyl]-L-leucine hydroxide, was isolated from culture filtrates of Streptomyces olivoreticuli (8) and was shown to have a Ki = 20 nM for bovine lens LAP (9) .
The three-dimensional structure of the bestatin-inhibited enzyme has been solved in our laboratory at 3-A resolution by x-ray crystallography using the multiple isomorphous replacement method with phase combination and density modification (10) . Recently, we reported the refinement of the structures of both the native enzyme and the LAPbestatin complex at 2.32-and 2.25-A resolution, respectively (11) . In this paper, we present a detailed analysis of the mechanism of inhibition of the enzyme by bestatin and discuss features of a mechanism of catalysis of peptide hydrolysis by LAP. This mechanism is in no way definitive, but rather is intended to stimulate experimental studies ofthe biochemistry, including site-directed mutagenesis, of the LAPs. that it is the upper of the two zinc ions that readily exchanges with other divalent cations in solution (see Fig. lA ).
Requirements for LAP-Catalyzed Peptide Hydrolysis
Biochemical support for this identification is found in the work of Ricci et al. (14) , who used nuclear magnetic resonance spectroscopy to establish the proximity of a manganese ion in the so-called activation site with the carbonyl oxygen atom of N-(leucyl)-o-aminobenzenesulfonate when the enzyme inhibitor complex is formed in solution. The structure of the active site of the LAP-bestatin complex described below reveals that the hydroxyl group of bestatin, which is analogous to the carbonyl oxygen atom of N-(leucyl)-o-aminobenzenesulfonate, is close to the zinc binding site identified as the so-called activation site. We prefer the term readily exchangeable site to activation site because the degree of enzyme activation following metal substitution depends on the substrate used in the assay. For example, there is significant activation of LAP by Mg2' or Mn2+ when assayed using Leu-NH2 (7) but at most only 2-fold activation under the same conditions when assayed using Leu-Gly-NH(CH2)2-dansyl (13) .
The native enzyme active site also contains two positively charged amino acid side chains, Lys-262 and Arg-336. Lys-262 makes a salt bridge with the carboxylate oxygen atom of Asp-332 that is not coordinating a zinc ion. Arg-336 appears to adopt two distinct conformations, one of which is close to the two zinc ions. There is no evidence in the electron density map of a zinc-ligated water or a zinc-ligated hydroxide anion in the vicinity of the readily exchangeable zinc ion, but a ligand may well be impossible to visualize at this resolution partly because of the apparent mobility of this zinc ion, as judged by its high temperature factor. Approximately 2.9 A from the more tightly bound zinc ion, an electron density feature consistent with a weakly bound water molecule is visible in the electron density difference maps. Alternatively, this feature may simply represent a noise peak.
The active site of the LAP-bestatin complex was found to contain electron density that could be clearly identified as bestatin, which appeared to be present at full occupancy (see Fig. 1B for a stereo drawing of the active site of the enzymebestatin complex). Binding of bestatin in the enzyme active site does not significantly perturb the structure of the enzyme, even in the vicinity of the ligand (see Fig. 1B local structural changes are restricted to subtle shifts of the active site residues that permit the two zinc ions to move slightly further apart (the two zinc ions are now equally well localized with refined temperature factors of about 20 A2 in both cases, and the refined zinc-zinc separation has increased from about 2.9 to 3.15 A). The structure of the bestatin molecule itself is also not significantly altered by binding to the active site of LAP. The peptide bond is trans, as it is in the since crystal structure of bestatin (15) , and the two structures differ only by torsion angle changes involving both backbone and side-chain atoms. Comparison of the two structures suggests that these torsion angle changes could be accomplished without crossing any large energy barriers.
A schematic representation of the mode ofbestatin binding is illustrated in Fig. 2 . The a-amino group of bestatin is coordinated to the readily exchangeable zinc ion and also makes a hydrogen bond with the O' atom of Asp-273 that is not involved in binding the zinc ion. The a-amino group of bestatin, which has a pKa of 8.1 (16) , is probably the NH2 form when coordinated to the positively charged zinc ion at physiologic pH. The (S)-hydroxyl group of bestatin is also coordinated to the readily exchangeable zinc ion, and, therefore, the mode of binding of the a-amino-f3-hydroxyl moiety resembles that proposed by Nishizawa et al. (17) and not that of Nishino and Powers (18) 
Possible Mechanism of LAP-Catalyzed Peptide Hydrolysis
Although we have determined the structures of only the native enzyme and a single enzyme-inhibitor complex for LAP, the three-dimensional structures of these two active sites give some clues as to the mechanism of enzymecatalyzed peptide hydrolysis. First, there seems to be no active-site residue that could participate in a direct nucleophilic attack of the carbonyl carbon atom of a polypeptide substrate. We, therefore, favor a "general-base" rather than an "anhydride" pathway. Presumably in this case a zincbound water or hydroxide anion would attack the carbonyl carbon of the scissile peptide bond. The structure of the active site of the native enzyme does not show definitive evidence of a water molecule or a hydroxide anion ligated to either zinc ion, but these nucleophiles may not be bound tightly enough to be seen using x-ray crystallography at this resolution. Second, stabilization of the predicted tetrahedral carbon of the hydrated peptide may be provided by both active site zinc ions and Arg-336, which could be an "additional" electrophile as described for Arg-127 in carboxypeptidase A (27) and for His-231 in thermolysin (28) . Third, possible proton donors that could facilitate loss of product include the side-chain amino group of Lys-262 or a water molecule. It is the relative chemical simplicity of the active site of bovine lens LAP that allows us to suggest this general-base mechanism without conclusively identifying the active-site nucleophile or proton donor.
We suggest that additional studies of the mechanism of action of bovine LAP should focus on the aspects of the proposed zinc-bound water or zinc-bound hydroxide mechanism that remain unspecified. Site-directed mutagenesis could be used to explore the roles of both Arg-336 and Lys-262 as well as the residues comprising the putative S, and S' subsites. The pH and temperature dependences of bovine LAP catalysis could be remeasured with the highly purified enzyme now available to investigate whether or not these profiles are consistent with the proposed mechanism. Alcohol inhibition studies of bovine LAP could be performed to provide indirect evidence for the catalytic role of a metalbound water molecule or hydroxide anion. Low-temperature, high-resolution (1.7 A or better) crystallographic studies of different metal-substituted native enzymes and enzymeinhibitor complexes should be attempted in order to improve the definition of the metal ligands. Finally, there is an urgent need for preparation and characterization of additional putative transition-state analogs of the LAPs, especially ketone analogues of oligopeptide peptide substrates.
